The location, number, and kinds of oligosaccharides in human IgAl and IgA2 immunoglobulins have been determined by amino acid sequence analysis of the a heavy chains. Both A2m allotypes of the a2 chain of IgA2 have two GlcN oligosaccharides that are absent in the al chain, but they lack GalN. The A2m(2) allotype has a fifth GlcN oligosaccharide. The a chains of IgA proteins also have subclass-specific and allotype-specific differences in amino acid sequence. Although other classes of human immunoglobulins differ in the number and kind of oligosaccharides, the sites are often homologous and are related to the immunoglobulin domain structure. Evolutionary preservation of the tripeptide acceptor sequence for GlcN probably indicates both a structural and biological role for carbohydrate.
Although the five classes of human immunoglobulins differ greatly in their content of carbohydrate and in its distribution along the polypeptide chain, the carbohydrate often is in homologous positions and usually seems to lie in between the compact domains of the heavy chain or on the surface of a domain. With rare exceptions governed by the presence of a signal acceptor tripeptide sequence, the carbohydrate is present only on the heavy chain and is confined to the constant (C) region of the heavy chain. We earlier reported the location and nature of the five oligosaccharides of the At chain of human IgM (1, 2) . In contrast, the oy chain of human IgG has a single oligosaccharide (3) , and the E chain of human IgE is reported to have six (4) . In all these cases the oligosaccharide contains glucosamine (GlcN), which is attached to asparagine by an N-glycosidic linkage. The IgAl subclass is unusual among glycoproteins in having two types of linkage to the polypeptide chain, the N-glycosidic linkage of GlcN to asparagine and an O-glycosidic linkage of galactosamine (GalN) to serine (5, 6) . Recently we reported (7) the complete amino acid sequence of a human IgAl immunoglobulin (designated Bur), including the location of five GalN carbohydrates in the hinge region, two GlcN oligosaccharides in the Fc region, and an adventitious GlcN oligosaccharide in the variable (V) region of this al heavy chain. We have now determined the amino acid sequence of the C region of two a2 heavy chains representing different allotypes of the IgA2 subclass, namely, the A2m (2) 
MATERIALS AND METHODS
Human IgA was prepared from the serum of patients with multiple myeloma who produced large amounts of monoclonal IgA. The procedure involved ammonium sulfate precipitation, ion exchange chromatography, and gel filtration techniques (9, 10) . The purity of the IgA was tested by immunodiffusion and immunoelectrophoresis with monospecific antisera and by gel electrophoresis and ultracentrifugation (9, 10) . The purified IgA proteins were reduced at room temperature under N2 with 0.01 M dithiothreitol for 1 hr followed by alkylation with iodoacetic acid (10% molar excess) or ethylene imine. The heavy and light chains were separated on a Sephadex G-100 column. The reduced and alkylated a heavy chains were digested with trypsin, a chymotrypsin, or thermolysin. The resulting peptides were isolated by gel filtration on Sephadex G-25 or G-50, by ion exchange chromatography, and by high-voltage paper electrophoresis. Amino acid analyses were done with the Beckman amino acid analyzer (model 120B and 120C). Hexose determination was done with sulfuric acid and phenol (11) . For quantitative determination of hexosamine and tryptophan, the peptides were hydrolyzed with 3 M p-toluenesulfonic acid and analyzed with the amino acid analyzer (12) . The sequences of some small tryptic, chymotryptic, and thermolytic peptides were determined by manual Edman degradation and dansylation techniques (13) . For most peptides, sequential Edman degradation was performed in a Beckman sequencer (model 890B, updated). Since significant improvements of sequence methodology were continuously reported during the period of this investigation, not all peptides were automatically sequenced in the same fashion. The programs used in this study were a fast peptide dimethylallylamine program (090872) and a modified program (111374); both were provided by the Beckman Co. The phenylthiohydantoin derivatives of the amino acids were identified by gas chromatography (14) , amino acid analysis (15), or thin-layer chromatography (16). (1) and A2mn(2) allotypes, respectively. A horizontal line indicates the A2m allotype sequences are identical to IgAl; differences are denoted by residues enclosed in boxes. The gap in the IgA2 sequences represents the deletion of 13 residues (223-235) in the hinge region of the a2 chains; however, the same numbering system is used for the al and a2 chains to facilitate their comparison. The symbols 01-06 in the left margin designate the six GlcN oligosaccharides. GalN 1-5 denotes the five GalN oligosaccharides in the al hinge region.
RESULTS
The location of the carbohydrates in the a l and a2 chains was established by isolation of and determination of the sequence of the glycopeptides from the tryptic, chymotryptic, and thermolytic digests and by placement of the glycopeptides in the composite sequence which included many overlapping peptides. Some of the results have been documented (7, 9, 10, 17) , and articles giving the complete proof of the al and a2 chain sequences are in preparation. To clarify presentation for the three proteins we summarize the results of the analysis of sequences containing glycopeptides in Fig. 1 , and show the locations of the oligosaccharides in the polypeptide chain structure schematically in Fig. 2 . Although al and a2 chains differ in length because of the deletion in the a2 hinge region, the numbering system for the C region of the al chain is used for homologous residues in the a2 chain in order to facilitate comparison.
Carbohydrate is not a usual characteristic of the V region of heavy chains, but a GlcN oligosaccharide designated 01 is linked to Asn-28 in the V region of the Bur aal chain (Fig. 1) . Attachment of this adventitious carbohydrate is due to the recognition by glycosyltransferases of the signal acceptor sequence AsnLeu-Ser that occurs by chance in the V region of the Bur al chain.
A subclass-specific change from Gly-166 in the al chain to Asn-166 in both a2 chains generates a new tripeptide acceptor sequence, Asn-Val-Thr, to which the glucosamine oligosaccharide denoted 02 is linked. As seen in Fig. 2, 02 The five galactosamine-containing oligosaccharides that are characteristic of the al hinge region are missing in both a2 allotypes because of the deletion in the hinge region. Here both a2 allotypes lack the repeating octapeptide sequence ProSer-Thr-Pro-Pro-Thr-Pro-Ser in which galactosamine is attached N-glycosidically to the serine residues, as well as to the fifth serine in the hinge. In place of this duplication, the c2 allotypes have an unusual pentaproline sequence Val-ProPro-Pro-Pro-Pro-Cys-Cys, which must greatly affect the conformation of the a2 hinge. Placement of the GalN oligosac- charide units in the al hinge was done by Baenziger and Kornfeld (5, 6). The GlcN oligosaccharide designated 04 is common to both al and a2 chains. This leucine-rich glycopeptide was first reported by Moore and Putnam (17) . In contrast, the GlcN oligosaccharide designated 05 is characteristic of the a2 chains. The glycopeptide was identified in three a2 chains by Despont and Abel (19) , but the allotype of the IgA2 proteins was not specified. Attachment of carbohydrate 05 between the CH2 and CH3 domains (Fig. 2) appears to be characteristic of the a2 chain; the linkage results from the substitution of the acceptor triplet Asn-Ile-Thr in a2 chains for the sequence Thr-Leu-Ser in al chains. With the exception of the hinge deletion, this is the most prominent subclass-specific difference between al and a2 chains, for it involves substitution of three consecutive amino acids as well as addition of carbohydrate.
The GlcN oligosaccharide 06, which is in the COOH-terminal tail of both subclasses of a chains, has a counterpart in the COOH-terminal tail of theft chain. Two amino acid substitutions occur in this region in the A2m(2) allotype protein.
Besides the fact that the corresponding residues are identical in the al chain and in the A2m(1) allotype, we have additional unpublished evidence that these substitutions contribute structurally to the allotypic determinants identified serologically by Loghem et al. (20) . DISCUSSION Although other workers had measured the carbohydrate composition of human IgA immunoglobulins (21) and had identified some of the glycopeptides (5-7, 17, 19, 22) , in this report all of the glycopeptides of an IgAl molecule and of both A2m allotypes of IgA2 have been isolated, their sequences have been determined, and they have been placed in the primary structure of the a chains. We believe these results validly represent the oligosaccharide distribution in the IgAl subclass and in the two allotypes of the IgA2 subclass. Although the complete amino acid sequence of only a single protein representative of each type was determined, we (7) and other workers (5, 6, 19) have identified all of the characteristic glycopeptides of the al chain in other IgAl proteins. Two of the a2 glycopeptides (05 and 06) were also identified by Despont and Abel (19) .
Although it has been suggested (19) that the glycopeptides of the a chain do not seem homologous to those of other heavy chains, significant homology does appear when the chain structures are aligned with the deletion of the extra domain of the and e chains (Fig. 3) . There is no counterpart in IgG, IgM, and IgE of the IgAl galactosamine oligosaccharides (although there may be in IgD). There are at least 11 locations for GlcN carbohydrate in the C region of the four classes of human heavy chains whose sequences have been determined (ay, 1A, c, and a).
However, some of the oligosaccharides are in almost exactly homologous positions despite the fact that the 'y chain has only one oligosaccharide, the As chain has five, the e has six, and a chains have two, four, or five according to the subclass and allotype. Because of differences in chain length, the homology is not at first apparent from the position of the oligosaccharides in the linear sequence. However, when the chains are aligned as in Fig. 3 , there are seven sets of homologous positions. These are: (i) within the CHI domain (a2, A, and e); (ii) just before the hinge [a2 A2m (2) and E]; (iii) within the hinge (GlcN in At and GaIN in al); (iv) just inside the first domain of Fc (04 ih al and a2); (v) 40 residues down the first domain of Fc (yl, ,A, and e); (vi) between the first and second domains of Fc (a2 allotypes); and (vii) 14 residues from the COOH-terminus of the extended chain (al, a2, and A).
With the exception of the Asn-Pro-Ser sequence in al and in the. a2 A2m(1) allotype, all Asn-X-Ser/Thr acceptor sequences in the primary structures published for human a, 'y, ,u, and e C regions have GlcN carbohydf.1te attached. An acceptor sequence with carbohydrate attached is conserved in comparable classes of animal immunoglobulins. For example, in animal species the complete amino acid sequence of only the C region of the 'y chain has been determined, but the single carbohydrate present is linked to the same position (Asn-297) as in the human y chain, i.e., dil allotype of rabbit y (23), guinea pig antibody -y2, (24) , and rhouse MOPC 173 rnyeloma 82a chain (25) . This highly conserved carbohydrate is missing in the human al and a2 chains because the homologous position lacks the acceptor sequence, which is replaced by a Cys-Gly-Cys sequence, leading to a highly strained conformation (22) . These cysteines must be on the surface of the molecule for two reasons: on the surface of the CH2 domain according to crystallographic analysis of human Fc (26) ; and (ii) one of the a chain cysteines (Cys-301) makes an interchain bridge, and the other (Cys-299) makes an "extra" intrachain bridge to Cys-242. The latter is next to another interchain bridge (Cys-241), and these two cysteines are complementary to residues covered by carbohydrate in the yl chain (Phe-241 and Phe-243) (26) . Thus, structural differences at this site probably contribute to major functional differences of the y1 and a chains, such as the ability to bind complement. In glycoproteins the Asn-Pro-Ser sequence is rarely glycosidated probably because the proline may interfere sterically (21) . It is noteworthy that in the human a chains the Asn-Ser-Ser sequence of the A2m(2) allotype (which is glycosidated) and the Asn-Pro-Ser sequences of the A2m(1) allotype and the al chain (which are not glycosidated) all occur close to the proline-rich hinge region. However, Pro-221 just in front of the hinge is changed to arginine in the A2m(2) allotype. This substitution may impart a conformational change sufficient to expose the Asn-Ser-Ser sequence to glycosidation by the enzyme. The sequence Asn-X-Ser/Thr has low potential for the a-helix or $-sheet conformations and a high potential for a bend or turn (27) . Thus, this tripeptide sequence tends to place carbohydrate at the surface.
Several possible roles have been proposed for the carbohydrate in immunoglobulins, but none has been established. It has been suggested (8, 21, 28 ) that carbohydrates increase solubility, facilitate secretion, and act as spacers between the domains. The presence of carbohydrate at homologous positions in human and animal immunoglobulins not only indicates that the acceptor sequence has been conserved in the face of great changes in the primary structure of immunoglobulins of different classes and species, but also suggests that evolutionary retention of carbohydrate has structural and functional significance.
